Background: Allograft healing (ligamentization) after reconstruction of the anterior cruciate ligament (ACL) is dependent on multiple factors, including tissue processing, host biologic environment, and biomechanical stressors. Magnetic resonance imaging (MRI) can be used to assess graft maturation after ACL reconstruction.
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The use of soft tissue allografts for anterior cruciate ligament (ACL) reconstruction has increased over the past 20 years, with recent estimates suggesting 20% of ACL reconstructions are now performed using allograft sources. 3 Head-to-head comparisons of soft tissue allograft constructs are limited. 5, 6, 9, 14, 15 In a larger prospective randomized controlled trial, we directly compared clinical and patient-reported outcomes of hamstring tendon (HT) and tibialis anterior (TA) allografts. 12 In a subset of these participants, we obtained magnetic resonance images at 6 months postoperatively to assess allograft remodeling (ligamentization). Theoretically, the rate of ligamentization after reconstruction of the ACL is dependent on multiple factors, including allograft processing and biomechanical stressors. Additionally, a difference in graft geometry and surface area-to-volume ratio potentially affects the rate at which host fibroblasts are able to migrate, infiltrate, and remodel the donor tendon. Histologic analysis has shown that grafts undergo a process of increased cellularity and vascularization between 6 and 12 weeks postoperatively. At 6 months, organized fascicles similar to the native ACL are present. 16 However, routine biopsy of reconstructed ACLs is not possible. Therefore, magnetic resonance imaging (MRI) has emerged as a means to assess graft maturation after ACL reconstruction. 2 Specifically, MRI can be used to quantify graft remodeling, 1, 4, 10 and graft signal is inversely correlated with biomechanical properties. 16 The most common method reported in the literature to assess graft healing via MRI is to calculate a signal-to-noise quotient (SNQ), where the smaller the value the more "mature" the reconstructed graft is assumed to be. 1, 4, 16 We hypothesized that a significant difference will exist in the MRI analysis between quadrupled HT and doubled TA allografts. Specifically, the MRI SNQ value will be smaller in quadrupled HT allografts compared with doubled TA allografts due to the difference in graft geometry (increased surface area-to-volume ratio). Secondary outcomes included differences in sagittal and coronal graft angle, tibial and femoral tunnel placement, arthrometric testing, and patient-reported outcome (PRO) measures.
METHODS
Approval was obtained from the Oregon Health and Science University institutional review board, and the study was registered with the National Institutes of Health on ClinicalTrials.gov before enrollment began. All patients aged 18 to 70 years who presented to the principal investigator's clinic for a primary ACL tear were considered for the study and consented to participate in a prospective longitudinal database (SOCRATES, Ortholink Pty Ltd). To be included in this study, participants had to have received their MRI and completed patient-reported outcome (PRO) measures at 2 years postoperatively. Patients were excluded if they had multiple ligamentous injuries to the knee, uncorrected instability of the ACL on the contralateral knee, or were unable to obtain an MRI postoperatively or adhere to study protocol.
Patients were randomized in blocks of 4 by a research assistant to either HT or TA allograft and blinded for the duration of follow-up. Reconstruction of the ACL was performed with a transtibial single-tunnel technique. 11 A modified short oblique tibial tunnel orientation starting approximately 2 cm medial to the standard tibial tunnel position at the level of the tibial cortex was used to allow for anatomic femoral tunnel placement. Allografts were cryopreserved, low-level irradiated (<20 kGy), treated with a proprietary detergent, Allowash, and were of a minimum diameter of 7.0 mm when bundled (Community Tissue Services). Fixation was performed with an Endobutton (Smith & Nephew) on the femoral cortex and a biointerference screw with sheath (DePuy Mitek) in the tibia (sized to nearest 0.5 mm).
Six months postoperatively, 32 patients underwent a noncontrast MRI of the reconstructed knee (2.5-T, repetition time 3000 ms, echo time 40 ms). MRI sequences were analyzed in a blinded fashion by a senior orthopaedic surgery resident. Graft signal was calculated automatically by the Impax markup tool (Afga HealthCare) via noncontrast T2/ spectral presaturation with inversion recovery-weighted MRI sequences. A standard ellipse demarcating the intraarticular portion of the graft was used to analyze the sagittal cut containing the largest portion of the reconstructed ACL (showing the majority of the graft from origin to insertion) ( Figure 1 ). The SNQ was calculated using the following equation: SNQ ¼ ðS graft À S qaudriceps Þ=S backgroud : 1, 4, 16 The signals of the tibial insertion, femoral insertion, quadriceps tendon, and background were also measured on T2-weighted sequences via standard circles with a 2.5-mm diameter ( Figure 1 ).
Graft parameters, including angles and tunnel positions, were measured on proton density sequences as described by Ahn et al 2 ( Figure 2 ). For sagittal and coronal graft measurements, the tibial plateau served as the reference. Tibial tunnel locations were calculated as a ratio, where the distance to the center of the tunnel, anterior (sagittal plane), or lateral (coronal plane) served as the numerator and the distance of the entire plateau served as the denominator. The posterior cruciate ligament insertion served as the posterior landmark of the tibial plateau in the sagittal plane. Femoral tunnel position was measured on sagittal proton density sequences with the Blumensaat line serving as the reference point. The distance (in millimeters) from the center of the femoral tunnel, measured perpendicular to the reference line, was recorded (see Figure 1 ). Average surface area-tovolume ratio for the allograft constructs was calculated using the following assumptions: average graft diameter 8 mm, average intra-articular graft length 20 mm, average HT strand radius (1 mm), average TA strand radius (2 mm). Sample means, standard deviations, and regression analyses were performed using Microsoft Excel (Microsoft Corp). The Student t test was used to analyze continuous data. Categorical data were statistically analyzed by means of a chi-square test or Fisher exact test (n < 10). Regression analysis was performed by calculating the Spearman correlation coefficient (rho) for MRI parameters. A P value of <.05 was considered significant.
RESULTS
Thirty-two patients (16 in each group) underwent noncontrast MRI at 6 months postoperatively (mean ± SD, 193.8 ± 30.8 days). The mean age of the cohort was 41.0 ± 12.7 years, and the mean body mass index (BMI) was 27.8 ± 5.7 kg/m 2 . There were no significant differences in age, surgical side, graft diameter, sex, height, weight, BMI, or smoking status between the groups ( Table 1 ). The mean MRI SNQs for the HT and TA allografts were 2.56 ± 2.41 and 3.15 ± 3.38, respectively (P ¼ .57) ( Table 2 ). For the entire cohort, there was a moderate but significant correlation in the sagittal graft angle and the MRI SNQ (R ¼ À0.41, P ¼ .02) ( Table  3 ). The correlation between sagittal tunnel position and the MRI SNQ was stronger (R ¼ À0.62, P ¼ .0002) (Figure 3) . Specifically, the signal in the graft increased as the tibial tunnel moved more anterior in the sagittal plane. We did not find a significant correlation between the coronal grant angle, coronal tunnel position, or femoral tunnel position and the MRI SNQ. We detected a very strong and significant correlation between the MRI SNQ at the femoral insertion versus midsubstance (R ¼ 0.82, P < .001) as well as the MRI SNQ at the tibial insertion versus midsubstance (R ¼ 0.83, P < .001). When analyzing patient variables, we did not find any correlation between MRI SNQ and age or BMI for the cohort (P ¼ .20 and P ¼ .74, respectively).
When we analyzed the groups independently, we found that for the HT group there remained a significant correlation between both MRI SNQ and sagittal graft angle (R ¼ À0.71, P ¼ .002) and MRI SNQ and sagittal tunnel position (R ¼ À0.59, P ¼ .02). For the TA group, there remained a significant correlation between MRI SNQ and the sagittal tunnel position (R ¼ À0.63, P ¼ .009). The estimated surface area for the HT allograft constructs was 527.8 mm 2 , average volume 251.3 mm 3 , and surface area-to-volume ratio was 2.1. The estimated surface area for the TA allograft constructs was 552.9 mm 2 , average volume 502.66 mm 3 , and surface area-to-volume ratio was 1.1. Arthrometric data were collected for 75% of patients who received HT allograft as compared with 81% of patients who were randomized to TA allograft. There were no significant differences in the degree of anterior tibial translation between the 2 allograft constructs 6 months postoperatively as determined by KT-1000 testing (P ¼ .32) ( Table 2) . We did not find any significant differences in the average -12) , or Tegner scales between the 2 groups (data not shown). However, when we looked at the change from baseline, we found a significant difference in the groups, with the TA cohort improving significantly more than the HT cohort in 4 of 5 PROs measured ( Table 2 ). The absolute values for the PRO scores at 2 years were not significantly different between groups (data not shown). We did not find any significant correlations between arthrometric testing or PROs (all time points) and MRI SNQ (data not shown).
DISCUSSION
Theoretically, incorporation of allografts after ACL reconstruction should be dependent on numerous factors, including host environment, surgical and rehabilitation technique, and allograft processing and quality, with the spectrum of available allograft types representing a heterogeneous sample of biologic tissue. Our group was specifically interested in the role that graft geometry, specifically surface area-to-volume ratio, plays in remodeling. The TA construct is a single tendon doubled to create 2 bundles compared with the HT construct, which is 2 tendons doubled to create 4 bundles. We theorized that smaller-caliper hamstring tendons potentially lend themselves to more rapid remodeling given their larger surface area-to-volume ratio. Therefore, we elected to use postoperative MRI to assess the graft healing (ligamentization) between the 2 constructs.
In our study, the average SNQ was higher for the TA, although a significant difference was not detected. Analysis showed that MRI SNQ was independent of patient variables, including age, sex, BMI, and smoking status. However, SNQ was dependent on sagittal graft angle and tibial tunnel position in the sagittal plane. As the sagittal tunnel location moved more anterior, the MRI SNQ increased. We surmise this is because a more anterior tunnel location places more strain on the reconstructed ACL, causing increased inflammation and delayed healing. Interestingly, we did not see a correlation between MRI SNQ and femoral tunnel location, as would be expected based on previously reported studies. 7 In the absence of 3-dimensional remodeling, determining the location of the femoral tunnel is extremely difficult. Therefore, we may have been limited in our ability to correlate the location with SNQ data. We also compared the SNQ of the intra-articular graft to the tibial and femoral insertions due to the role bony integration plays in graft remodeling after ACL reconstruction. We found very strong correlations (R > 0.8) between intraarticular signal and signal at both insertion points. Therefore, we can assume graft strain during the remodeling process is fairly evenly distributed throughout all portions of the graft. Finally, we showed in this subgroup that the individuals in the TA group on average improved their PRO scores significantly more than the HT group at 2 years. This statistical difference was not seen in the larger prospective randomized controlled trial. 12 Limitations to our study include the fact that there was no autograft group for comparison, and we used noncontrast MRI. Studies have shown autografts incorporate faster than allografts after ACL reconstruction, and allograft maturation as assessed histologically or by MRI can continue as long as 18 months postoperatively. 8, 13 Additionally, the absolute value for the MRI SNQ in allografts is higher at 6 months when contrast is used. 8 However, we decided to forgo contrast due to safety and cost considerations. Since we were comparing 2 allograft constructs, we were more interested in the difference between the 2 and not the absolute value of the MRI SNQ. Additionally, MRIs were not obtained at multiple time points to assess rate of healing. However, previous studies have shown substantial maturation of grafts at 6 months when analyzed histologically and by MRI. 8, 16 Consequently, we felt that the 6-month time point was sufficient to make inferences on overall healing of our allograft constructs. This is commonly the point at which patients are released to full or sport-specific activities; therefore, having information on allograft maturity at this time may assist with clinical decision making. Finally, while MRI analysis was done by a single senior resident, the values used for SNQ calculations were calculated automatically by the MRI software. Therefore, we feel advanced training is not required for proper graft analysis.
CONCLUSION
Our data showed there were no significant differences in the postoperative healing of the 2 allograft constructs after ACL reconstruction. Additionally, we have shown sagittal tunnel location has the strongest correlation with graft maturation 6 months postoperatively. This is the only study known to us to directly compare quadrupled HT allografts and doubled TA allografts using postoperative MRI. 
